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Paul S. Katz for motor behavior was largely conducted using inverte-
brate systems because, among other reasons, their ner-Department of Neurobiology and Anatomy
vous systems contain circuits with small numbers ofUniversity of Texas, Medical School
large identifiable neurons that contribute to stereotypedHouston, Texas 77030
behaviors (Herman et al., 1976). By 1985, the lamprey
and tadpole spinal cord systems had been introduced
as simpler vertebrate preparations that were also ame-The International Symposium on Neurons, Networks,
nable to cellular analysis (Grillner et al., 1986). At thisand Motor Behavior held in Tucson, Arizona (November
conference, new mammalian preparations were intro-8±11, 1995) continued a 30 year tradition of once-a-
duced, including the neonatal rat spinal cord for study-decade meetings on motor pattern generation that high-
ing locomotion and the brainstem slice preparation forlight the major advances of the field. The first meeting,
studying respiratory pattern generation.entitled ªNeural Control of Locomotion,º was held in
The key features of central pattern generators (CPGs)1975 in Valley Forge, Pennsylvania (Herman et al., 1976).
have now been described for a number of these modelThe second meeting, held in 1985 in Stockholm, was
systems. In comparison, at the first meeting in 1975,more limited in scope and was called ªNeurobiology of
there was still discussion as to whether rhythmic behav-Vertebrate Locomotionº (Grillner et al., 1986). This year's
iors are generated centrally or whether such behaviorsconference, organized by many of the same people who
are, as Charles Sherrington had initially envisioned earlyorganized the previous meetings (P. S. G. Stein, Wash-
this century, the result of chains of reflexes. As Keirington University; S. Grillner, Karolinska Institute; A. I.
G. Pearson (University of Alberta) reminded us at thisSelverston, University of California, San Diego; D. G.
conference, by the 1930s even Sherrington had comeStuart, University of Arizona), broadened the range, not
around to the view of T. Graham Brown, that sensoryonly by once again including invertebrate preparations,
input regulates, but is not essential in, the generationbut also by including work on nonlocomotory motor
of motor patterns. (Ironically, Pearson also showed ussystems, such as respiration, where similar conclusions
this year that in locust flight, proprioceptive input hasabout the cellular and synaptic mechanisms underlying
more than a corrective role and is actually essential forsome aspects of network organization are emerging.
producing correct phasing of the basic motor patternThe common themes among the different preparations,
in this preparation.)both vertebrate and invertebrate, presented at this
Today, the goals of understanding motor functionmeeting were striking and point to thevalue of a compar-
have shifted from determining merely how animals gen-ative approach for making progress in addressing ques-
erate behavior to, as Irving Kupfermann (Columbia Uni-
tions of motor control. In this review, I will attempt to
versity) put it, ªhow they do it with style.º That is, what
convey some of these exciting themes. Due to the diffi-
features of motor systems allow those neuronal net-
culty in summing up a four day meeting in one article,
works to produce flexible outputs that can deal with a
I am forced to gloss over some important work that was
variable environment? Thus, it is apparent that, in the
presented, but readers are invited to turn to a volume
last decade, the entire field has undergone an exciting
associated with this meeting that is currently being pre-
paradigm shift; instead of considering neuronal circuits
pared (Stein et al., 1996). Although many people contrib- to be hard-wired entities, we now think of them as flexi-
uted to the work that I will discuss here, the convention ble networks that can be reconfigured to produce differ-
in this paper will be to give the name of only the speaker ent outputs under varying conditions. A decade ago,
who presented that work. neuromodulation of invertebrate circuits was first being
This year's gathering included a number of prominent explored (Marder, 1984); at the last meeting, reconfigu-
scientists formerly from the Soviet Union, whose work ration of motor networks had just been put forth by Peter
did much to shape the field of motor control but who Getting (1986) as a principle of organization. Since then
were prohibited by Soviet authorities from attending the the idea that neural circuits are multifunctional in this
previous two conferences (including Y. Arshavsky, Uni- manner has been embraced even by scientists examin-
versity of California, San Diego; A. G. Feldman, Univer- ing mammalian systems.
sity of Montreal; and G. Orlovsky, Karolinska Institute). It was once thought that more ªcomplexº vertebrate
It was wonderful that they were now able to participate. systems would have simpler neurons, and thus that neu-
They expressed their grateful feelings at being able to romodulation of complex cellular properties such as pla-
attend this meeting freely and meet face to face with teau potentials and intrinsic membrane potential oscilla-
Western scientists. It was, as Janis C. Weeks (University tions would be confined to invertebrates. It has now
of Oregon) phrased it, ªone of those moments that tran- been demonstrated that neurons in vertebrates (includ-
scend the science itself.º ing mammals) can be every bit as complex as inverte-
One of the take-home messages of this series of con- brate neurons and can also be subject to neuromodula-
ferences is that the great progress which has been made tion. Even the spinal motor neuron, that supposed
in understanding the neural bases of motor behaviors bastion of simplicity in its role as the ªfinal common
is due, in large part, to the intelligent use of manageable pathway,º hasnow been shown to exhibit plateau poten-
preparations for addressing appropriate questions. At tials in the presence of certain neuromodulatory sub-
stances (J. Hounsgaard, University of Copenhagen). Thethe first meeting in 1975, the work on the cellular basis
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idea that such flexibility in neuronal and synaptic proper- graded or directional response. For example, population
coding in the superior colliculus (D. Sparks, Universityties underlies multifunctional neuronal networks hasrev-
of Pennsylvania) or motor cortex (A. Georgopoulos, Uni-olutionized the field.
versity of Minnesota) allows precise movements to beThe conferencewas remarkable not only for showcas-
produced, paradoxically, by a network consisting ofing these shifts in our thinking, but also for illustrating
broadly tuned neurons. The behavioral output of thesethe types of experimental approaches utilized by the
regions is the result of the activity distributed acrossleading labs in the field. While it sometimes seems that
the entire neuronal population. In the superior colliculus,almost everyone is now using the new tools of molecular
this scheme has been elegantly tested by altering thebiology for cloning or for looking at RNA expression
spatiotemporalpattern of neuronal firing with microstim-patterns, there was a noticeable absence of such ap-
ulation or with local injections of bicuculline or lidocaine.proaches by the speakers chosen to participate in this
These manipulations produced errors in saccadic eyemeeting. While this certainly may reflect the preferences
movements that were predicted by vector-averaging theof theorganizers, I think that it also shows that molecular
resultant neuronal firing patterns (Sparks).approaches cannot completely answer questions about
A distributed system also operates in the local-bend-how the nervous system works; systems level ap-
ing responses of leeches, where the direction of bodyproaches are also required.
bending is coded in the response of a population ofThe small amount of molecular biology that was pre-
interneurons, none of which has a primary role in direct-sented at the meeting was intimately related to the role
ing the response (W. Kristan, University of California,of ion channels in producing cellular properties and
San Diego). Also, in the escape system of cockroacheshence network properties (R. M. Harris-Warrick, Cornell
(R. Ritzmann, Case Western Reserve University) andUniversity; Selverston), or to the organization of genes
fishes (R. Eaton, University of Colorado), a populationfor neuropeptide precursors and their roles in synaptic
of broadly tuned interneurons codes the direction of aplasticity (Kupfermann). While it may not be necessary
stimulus to produce a finely tuned directional response.to go to the genomic level of analysis to understand the
Modular Organizationorganization of neuronal circuits, it is likely that molecu-
Another neuronal architecture that was often referredlar approaches such as these will be increasingly utilized
to by speakers was a modular organization. The usagein the future to gain insight into howcellular and synaptic
of the word modular varied among the speakers, and
properties are controlled.
this caused some confusion among participants. Some
On the other hand, the nature of motor networks is
speakers used the term module to describe subsets of
such that an understanding of how they operate is diffi-
neurons that share a function within a circuit or a motor
cult without some sort of computational approach. Thus,
system. In this way, the feeding system of Aplysia is
it is not surprising that many of the presenters made
composed of a CPG module, a command module, a
use of computer simulations of neuronal networks or motor neuron module, and a sensory module, which all
computational models to help understand the dynamics interact to produce the behavioral output (Kupfermann).
of motor systems. The more we learn about motor net- Similarly, the turtle scratch circuitry can be divided into
works, the more flexible they seem to be. The more a number of unilateral modules of neurons that share
flexible they are, the more we will continue to use com- synergies (Stein). For example, left hip flexor motor neu-
putational methods to understand them. From listening rons together with coactive excitatory and inhibitory in-
to the speakers, it seems that we will ultimately need terneurons form one module, whereas neurons coactive
to develop new ways of thinking about very large ensem- with right hip flexors form another module. Neurons co-
bles of neurons with complex properties in order to active with left and right hip extensors are, by this defini-
make the next important paradigm shift in our thinking. tion, also grouped into their own modules. These mod-
ules then form the basis for the larger organization of
the bilateral shared core. Under this scheme, the mod-
Types of Motor System Organization ules are temporary alliances of neurons that come to-
At the conference, there was a great deal of discussion gether to perform particular movements.
on the nature of the organization of motor systems. To other speakers,a modular organization was synon-
Various terms were used todescribe such organizational ymous with a dedicated circuit, where a group of neu-
properties, including distributed systems, modular orga- rons always acts in concert to produce a particular out-
nization, and multifunctional circuit reconfiguration. Al- put. An example of this is swimming in the leech
though there was disagreement over the usage of some (Kristan). The neurons that produce the swimming motor
terms, we areconfined by words to define and communi- program are, with the exception of a single cell type, not
cate our thoughts, so these definitions are necessary involved in the production of any other known behavior.
to sharpen our understanding of neuronal ensembles. Therefore, the swimming system acts as a dedicated
It is important to remember that these types of organiza- circuit that is turned on when the animal needs to swim.
tions are not mutually exclusive, but rather form a contin- Similarly, in the mollusc Clione different behaviors such
uum. A recent review by Morton and Chiel (1994) pro- as feeding and swimming are controlled by completely
vides an excellent review of different organizational different neuronal circuits (Y. Panchin, Moscow State
structures for neuronal systems. University). These independent dedicated circuits are
Distributed Systems coordinated by higher order neurons that turn them on
One type of organization is a distributed system. At this and off at appropriate times (poster by T. P. Norekian
meeting, the systems that most participants defined as and R.A. Satterlie, Arizona State University). The swim-
meret system of crayfish was also described as modular:distributed in nature tended to be those that require a
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each segmental swimmeret is controlled by a separate circuits seems to depend mostly upon the actions of
neuromodulatory substances. Neuromodulators canCPG and set of motor neurons that are dedicated to that
function (B. Mulloney, University of California Davis). rapidly alter the configuration of motor networks by
changing the strengths of particular synapses and byIt was suggested that distributed systems are more
likely to be employed when multiple inputs must be altering the membrane properties of neurons in the net-
work. For example, neuromodulatory inputs to themapped onto many outputs, such as in orienting behav-
ior in which a stimulus and response can assume any stomatogastric ganglion of lobsters dramatically alter
synaptic strength, in essence rewiring the circuits (Har-direction. In contrast, a dedicated circuit organization
would be used for more discrete behaviors that are ris-Warrick). The effects of neuromodulators on syn-
apses in this system include both the strengthening andeither on or off.
Multifunctional Circuit Reconfiguration weakening of different synapses, such that strong con-
nections can be essentially eliminated and synapsesDedicated circuitry isnot sufficient toaccount for behav-
iors that are not simply on or off, but rather exhibit between seemingly unconnected neurons can be made
to appear on a fast time scale. Furthermore, owing tovariations. For instance, walking can involve different
muscles acting in different synergies and different differential effects on chemical synaptic inhibition and
electrical coupling, some connectionscan even undergophases depending upon whether the animal is walking
uphill or downhill (J. L. Smith, University of California, sign reversal from inhibitory to excitatory.
The production of motor patterns by CPGs is as de-Los Angeles). Similarly, turtles can exhibit a number of
different forms of scratching, depending upon which pendent upon the properties of the neurons in the net-
work as it is on the synapses between them. Variationpart of their body itches (Stein). These different move-
ments require different phase relationships among the in the expression of specific ionic conductances, in par-
ticular stomatogastric neurons and their differentiallimb motor neurons. Thus, the circuitry for producing
such a flexible output must be able to produce changes modulation by dopamine, explains the differing phase
relationships of those neurons under changing condi-in the phasing of rhythmic motor neuron activity de-
pending upon the circumstances. tions (Harris-Warrick).
Neuromodulation can affect a variety of different neu-While we do not yet understand the cellular basis for
such flexible output in the spinal cord, recent work, ronal properties. In turtle spinal cord, for example, sero-
tonin activates an L-type calcium conductance, therebyparticularly in the stomatogastric system of decapod
crustaceans, demonstrates that pattern-generating cir- transforming motor neurons from passive followers into
active producers of plateau potentials in response tocuits are capable of extreme reorganization. The stoma-
togastric network can be reconfigured into a number brief inputs (Hounsgaard). Furthermore, muscarinic ago-
nists modify spinal neurons so that they produce rhyth-of functional circuits to produce different behaviors or
variations of behaviors (Selverston; Harris-Warrick; E. mic membrane potential oscillations even in the pres-
ence of tetrodotoxin, indicating that this ability isMarder, Brandeis University). Based on the ideas formu-
lated by Getting (1989a), the network is defined by the intrinsic to the individual neurons and not a property of
the network. Metabotropic glutamate receptors en-neurons that are anatomically interconnected by syn-
apses. At any particular time, subsets of the neurons hance the production of plateaus and produce a wind-
up effect whereby repeated constant depolarizing cur-within the network interact with each other as functional
circuits. At other times, due to changes in synaptic rent pulses evoke progressively more spikes per pulse.
N-methyl-D-aspartate (NMDA) induces oscillatory prop-strength or cellular properties such as excitability, the
network can change its configuration so that different erties in spinal interneurons in several species, including
lamprey (Grillner), frog tadpoles (K. T. Sillar, Universitysubsets of neurons form other functional circuits. The
differences in the motor patterns produced by the sto- of St. Andrews), and neonatal rats (Kiehn). Non-NMDA
neuromodulatory inputs also turn on bursting propertiesmatogastric network can range from variations in the
phasing of motor neurons to the wholesale reorganiza- in tadpole spinal neurons (Sillar), stomatogastric neu-
rons (Selverston), and locust flight neurons (J. M. Rami-tion of separate pattern-generating circuits into one
combined functional circuit. rez, University of GoÈ ttingen) and can alter the bursting
The evidence that this type of reconfiguration occurs patterns produced by the mammalian respiratory
in spinal networks is accumulating rapidly. Recordings rhythm in the pre-BoÈ tzinger complex of the ventral me-
from neonatal rat spinal cord show that many different dulla (J. L. Feldman, University of California, Los
motor outputs can be produced depending upon which Angeles; Ramirez). Thus, complex oscillatory properties
neuromodulatory substances are applied (O. Kiehn, Uni- of neurons can be quite plastic under the influence of
versity of Copenhagen). These various discharge pat- neuromodulatory substances.
terns drive the leg muscles differently, producing alter- Most examples of neuromodulation involve inputs to
ations in the phasing of activity in different muscle pattern-generating circuits from other parts of the ner-
groups, similar to that seen in the intact, behaving cat vous system. For example, thebrainstem projects axons
(J. L. Smith). to the spinal cord (Grillner; Sillar; L. M.Jordan, University
of Manitoba) and the phrenic nucleus (J. L. Feldman),
which release a large variety of different neuromodula-Neuromodulation
The work on neuromodulation in the last decade has tory substances. Similarly, neuromodulatory inputs to
the stomatogastric ganglion in lobsters arise from otherdrastically transformed our view of how motor systems
function. The neurophysiological basis for multifunc- ganglia (Selverston). In Aplysia, the feeding CPG in the
buccal ganglion receives serotonergic input from a largetional networks reconfiguring into different functional
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neuron in the cerebral ganglion (Kupfermann). However, of swimming (Sillar). Instead, the conductances underly-
ing the slow oscillations may simplyaid in theproductionrecent work in the mollusc Tritonia shows that neurons
intrinsic to CPGs can also evoke neuromodulatory ef- of the fast oscillations or may form the basis for modulat-
ing the amplitude and frequency of the swimming be-fects (poster by P. S. Katz and W. N. Frost, University
of Texas at Houston). The role of such intrinsic neuro- havior.
On the other hand, the fact that neuronal networksmodulation in motor pattern generation is still being
examined but may provide an additional level of flexibil- have built into them multiple mechanisms that can each
account for the generation of the behavior does notity to motor circuits. However, the role of neuromodula-
tion intrinsic to a neuromuscular system in Aplysia has necessarily imply that the system is redundant. Under
different conditions, some mechanismsmay be stressedbeen well documented; corelease of modulatory pep-
tides by motor neurons allows a multifunctional feeding more than others. This gives the system the flexibility to
change states without becoming unstable. For example,network to optimize the performance of the peripheral
musculature that it controls (Kupfermann). rhythmic pattern generation in the respiratory system
hasbeen postulated to involve multiplemodes of pattern
generation, including pacemaker-driven and network-
Long-Term Neuromodulatory Effects based oscillations (J. C. Smith, National Institutes of
Modulatory substances alter properties of neurons in Health). The phrenic nucleus receives abundant input
motor systems on a moment by moment basis, but they from a variety of different neurotransmitters, which may
can also cause long-term developmental changes. For help the system accommodate many different demands
example, immature Xenopus tadpoles exhibit a simple without stopping the respiratory pattern (J. L. Feldman).
swim motor pattern consisting of a single action poten- Furthermore, changes in the sensitivity of the respiratory
tial per cycle, whereas more mature tadpoles produce system to these modulatory inputs during development
many spikes per swim cycle. Growth of serotonergic may underlie differences in the response to hypoxia in
rapheÂ axons into the spinal cord of tadpoles plays a role neonates and adult rats (Ramirez).
in the development of the mature bursty motor pattern A similar overlap in organization is seen in the storage
(Sillar). of memories by the sensitized Aplysia siphon-with-
Steroid hormones in insects (Weeks) and mammals drawal circuit (W. N. Frost, University of Texas at Hous-
(B. S. McEwen, Rockefeller University) can have major ton). There are multiple sites altered during behavioral
effects on the morphology of neurons, thereby altering sensitization. Simulation studies of the circuit revealed
behavioral production. In the tobacco hornworm, molt- that each of these sites of memory storage may contrib-
ing hormones (ecdysteroids) cause the death of particu- ute differently to the output of the circuit depending
lar motor neurons and reshape the dendritic arbors of upon the strength of subsequent inputs. Thus, overlap
surviving neurons. These effects result in a major reorga- in organization, which appears redundant under one set
nization of the motor system during metamorphosis, of conditions, may impart flexibility to the system under
restructuring it for different behaviors in the adult form. other conditions.
Similarly, in adult mammals, fluctuations in steroid hor-
mone levels due to the estrus cycles, seasonal repro-
Localizing the Spinal CPG for Locomotionductive cycles, or even stress can produce changes in
The apparent redundancy in organization creates a diffi-the number of synapses and dendritic spines on neurons
culty when trying to determine the spatial limits of ain various areas of the brain. Long-term stress can even
pattern-generating network. For example, where in thecause a loss of neurons. These extraordinary steroidal
spinal cord is the CPG for locomotion located? Thiseffects are constantly restructuring neuronal circuits in
question has important implications not only from theresponse to the daily life of the animal, thereby shaping
standpoint of trying to understand how the CPG works,the animal's future behavior.
but also for spinal cord rehabilitation in injured humans.
In lampreys, which use their entire bodies for swim-
ming, the CPG appears to be segmental; each bodyRedundancy of Organization?
While many pattern-generating networks contain neu- segment has its own oscillator, and these oscillators
are then coupled together to produce a coordinatedrons that can express endogenous oscillatory properties
in the presence of neuromodulators, there was some wave of undulatory activity (Grillner; K. A. Sigvardt, Uni-
versity of California, Davis; A. Lansner, Karolinska Insti-disagreement over the extent to which those properties
are necessary for the generation of rhythmic motor pat- tute).The segmental oscillators utilize a numberof differ-
ent mechanisms for producing their rhythmic outputterns. The developing consensus is that there is a certain
redundancy to the production of rhythmic output. For (Grillner), again showing an apparent redundancy of or-
ganization. A similar design is seen in Xenopus embryos,example, in the leech heartbeat system, neurons exhibit
a number of active properties, yet computer simulations where there are redundant systems for producing the
oscillatory output, such that when one is blocked, theindicate that some of these properties, such as plateau
potentials, are not expressed under normal circum- others can still maintain a rhythm (A. Roberts, University
of Bristol).stances, although the slow conductances that underlie
them are nonetheless important (R. L. Calabrese, Emory One important factor in controlling the bursting in spi-
nal oscillators is inhibition between contralateral hemi-University). Likewise, although amphibian spinal neu-
rons produce oscillations in the presence of NMDA, they segments. However, even when the cord is sectioned
down the midline, oscillatory output can still be recordedseem too slow to be responsible for the fast undulations
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from either half, indicating that a basic half-center de- Sensory input also plays a corrective role in the lam-
prey for maintaining its dorsal side up in the watersign (where oscillations derive from mutual inhibition) is
not adequate to explain the production of swimming. (T. G. Deliagina, Karolinska Institute). Vestibular input to
reticulospinal neurons induces changes in the spinalA half-center oscillator model is also not sufficient to
explain the production of rhythmic spinal motor patterns motor output that keep the animal from rolling over. The
current conceptual model of how the animal maintainsrecorded in embryonic rats (N. Kudo, University of Tsu-
kuba). Mutual inhibition between contralateral halves of its dorsal side up also incorporates modulation of the
vestibular response by visual input and can explain thethe cord is not needed for producing an oscillatory out-
put in rats at embryonic day 16; the motor pattern pro- behavioral responses to a number of experimental ma-
nipulations such as unilateral removal of one vestibularduced by the isolated spinal cord in response to seroto-
nin application is synchronous across the cord. Two labyrinth.
The effect of sensory input is not always merely cor-days later in development, the cross-spinal inhibitory
pathways seem to be present, and the cord now pro- rective in nature, however. Work in the locust flight sys-
tem shows that the correct phasing for the activity ofduces a motor pattern with alternating bursts in the left
and right ventral roots in response to serotonin. But the wing elevator motor neurons, even in the absence
of perturbations, cannot be produced without the pres-strychnine application, which blocks glycinergic inhibi-
tion, causes the alternating motor pattern to revert to a ence of proprioceptive feedback (Pearson). In this sys-
tem, the sensory input has essentially the same proper-synchronous pattern, indicating that the cross-spinal
inhibition is important for producing alternation between ties as any other component of the pattern-generating
circuit, including the ability to reset the rhythm. In thethe limbs but does not cause the oscillatory pattern itself
under these conditions. lamprey, proprioceptive neurons that sense the bending
of the spinal cord itself also receive input from pattern-In neonatal rat spinal cord preparations, there has
been some disagreement over how localized the CPG generating neurons and have strong abilities to reset the
rhythmic motor pattern (P. WalleÂ n, Karolinska Institute).for hindlimb locomotion is. Experiments that partition
the cord using vaseline walls suggest that only lumbar There is also evidence for CPG synaptic input to sensory
afferents in other systems (see below). Therefore, thesegments L1 and L2 are crucial for producing patterned
rhythmic activity and that the CPG may therefore be distinction between central and peripheral components
of pattern-generating networks may be somewhat arti-restricted to this region (poster by J.-R. Cazalets, M.
Borde, and F. Clarac, CNRS, Marseille). In contrast, le- ficial.
The gating of sensory input to pattern-generating cir-sion experiments have shown that the potential to pro-
duce a rhythmic output is distributed across many lum- cuits was another major topic of the meeting.A phenom-
enon known as reflex reversal has been recognized forbar segments and also may extend into the caudal
thoracic segments (Kiehn). Experiments using the activ- some time now and was discussed at the first confer-
ence in 1975 (Herman et al., 1976). There is still muchity-dependent dye, sulforhodamine, combined with mi-
crolesions of the cord further suggest that the rhythm- to be learned about the mechanisms underlying this
change in the efficacy of reflexes during different phasesgenerating interneurons are located in specific spinal
laminae (Kiehn). Although the lesion studies indicate that of rhythmic activity, but some underlying processes
have been uncovered. For example, it has been shownthe CPG is distributed along the length of the spinal
cord, they also show that the more rostral segments are that the dopamine agonist L-DOPA causes a change in
the sign (from inhibitory to excitatory) of the synapticmore capable of generating the rhythm. Further experi-
ments are needed to clarify the existing discrepancies potentials evoked by group I afferents onto spinal neu-
rons (Pearson).about the localization of the hind limb CPG in mammals.
One mechanism for gating sensory input to central
circuits that has been investigated in both invertebrateThe Role of Sensory Input
While it is now well established that the nervous system and vertebrate preparations is primary afferent depolar-
ization (PAD). PADs are centrally generated increasescan generate rhythmic motor patterns, the role of sen-
sory input to pattern-generating circuits is still under in chloride conductances due to GABAergic synapses
onto the axon terminals of primary afferent neurons. Theinvestigation. The predominant notion these days is that
proprioceptive feedback plays a corrective role, ad- PADs reduce the amplitude of action potentials and
hence the size of excitatory postsynaptic potentialsjusting the centrally generated motor output toperturba-
tions in the environment. This type of corrective action evoked in the postsynaptic targets of those sensory
neurons. Locomotor-related PADs, presumably pro-also plays a role in the control of posture. As a result
of integrating a number of different sensory modalities, duced directly or indirectly by interneurons in the loco-
motor CPG, have been observed in locust, crayfish, lam-including proprioception and vestibular input, postural
equilibrium in the face of horizontal perturbations is prey, and cat (M. Burrows, University of Cambridge; A.
El Manira, Karolinska Institute; S. Rossignol, Universitymaintained by two groupsof muscles in the cat hindlimb:
one acts as anti-gravity supportand fine tunes the ampli- of Montreal). Gating of sensory input may also involve
antidromic discharges (ADs) in sensory neurons of sometude of the force produced by the hindlimb, while the
other group is responsible for horizontal stability and species. These action potentials can be recorded from
the proximal end of cut dorsal roots in cats and areadjusts the direction of force produced by the hindlimb
(J. M. MacPherson, R. S. Dow Neurological Sciences phase-locked to the ongoing locomotor rhythm, indicat-
ing that they are generated within the spinal cord byInstitute). This simple scheme allows broadly tuned
muscles to make precise corrections to posture. locomotor-related interneurons synapsing onto sensory
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afferent terminals. The possibility even exists that sen- point such that a behavior will occur only if a particular
neuron, or small group of neurons, is activated and willsory neurons could be acting as interneurons, propagat-
ing ADs to other spinal segments through their proximal not occur if that neuron, or group of neurons, is not
active. In the mollusc Tritonia, a recently discoveredintersegmental axon arbors (Rossignol).
Gating of sensory input can also occur through lateral neuron, the dorsal ramp interneuron, serves as such a
restriction point for sensory activation of the swim CPG.inhibition from other coactivated sensory afferents. In
the locust walking system, the effectiveness of individ- If the cell does not fire, then the animal does not swim;
if it fires above a certain frequency, then the animalual sensory to motor synapses is diminished by presyn-
aptic inhibition from other sensory neurons duringactive swims (Frost). Also, in the leech, cell 204 appears to
be the decision maker for the activation of the swimand passive movements, thereby preventing the satura-
tion of motor neuron responses by many coactive affer- response (Kristan). Thus, while the notion that single
neurons give commands may be misleading, there isents (Burrows). Thus, sensory input is not passively re-
layed to central circuits; there are active processes that validity in the concept that the activating pathways for
some behaviors can be very restricted in size.determine the input that central circuits receive and the
effect of that input on the CPG. Beyond turning on a motor pattern, higher order cen-
ters are involved in selecting which behavioral output
is expressed by the CPG circuit. Work in the stomato-
ªHigher Orderº Control of gastric system of decapod crustaceans has shown that
Pattern-Generating Circuits neuromodulatory inputs from higher order neurons can
While the spinal cord can generate important aspects elicit a multitude of different motor patterns from the
of locomotor behavior, descending input from the brain stomatogastric CPGs (Selverston; Harris-Warrick).
is clearly important in a number of different behaviors Thus, the switching from one behavior to another is
such as mammalian locomotion (J. L. Smith). For exam- dependent upon which of these inputs are active. The
ple, although cats with a spinal transection at thoracic same may be true in vertebrate pattern-generating sys-
segment six still exhibit reasonable body orientation tems; application of different neuromodulatory sub-
during stance, supraspinal input is required for main- stances to the in vitro neonatal rat spinal cord elicits a
taining postural equilibrium in response to perturbing multitude of motor patterns (Kiehn). A wide array of
movements (MacPherson). In lampreys, reticular forma- such neuromodulatory substances are present in the
tion neurons project to the spinal cord to maintain the brainstem and project into the spinal cord (Jordan; Sillar;
animal's dorsal side up orientation in the water (Deli- J. L. Feldman; Kiehn).
agina). Control of CPG circuits is not strictly hierarchical; the
Although we know that supraspinal input is important pattern-generating circuit has some local control over
for initiating and altering locomotor patterns, the precise the higher order neurons that input to it. Recent work
mechanisms underlying these commands arestill a mys- in the stomatogastric ganglion has shown that the axon
tery. We have known about the mesencephalic locomo- terminals of modulatory projection neurons both make
tor region (MLR) for 30 years (Shik et al., 1966); electrical and receive chemical and electrical synapses with neu-
stimulation of this area of the brainstem can initiate rons in the CPG circuit to which they project. Such local
locomotion in decerebrate cats. Stimulation of a similar, interactions cause these axon terminal compartments to
if not homologous, area can turn on swimming in lam- participate as members of the pattern-generating circuit
preys (Grillner). Despite this long history, the identity of somewhat independently of activity in other parts of the
the neurons and the nature of the command produced cell (M. P. Nusbaum, University of Pennsylvania).
by the MLR have remained elusive. Lesion and pharma- The ultimate goal of much of this work is to understand
cological studies have failed to show that any particular the mechanisms of behavioral choice and motor pro-
population of neurons is necessary for initiation of loco- gram selection. Owing to the accessibility of their ner-
motion (Jordan). Perhaps it should not be surprising vous systems, work in invertebrates is likely to continue
that there are many different ways to initiate locomotion to lead the way in this quest. In the leech, many of the
considering the extreme redundancy seen in pattern- neuronal components underlying four different types of
generating circuits themselves. movements (local bending of the body, whole body
At the conference 20 years ago, there was consider- shortening, swimming, and crawling) have been identi-
able discussion of the role of command neurons (i.e., fied, and the rules underlying the animal's decision to
neurons whose activity is both necessary and sufficient produce these behaviors are being uncovered (Kristan).
to elicit a behavior) in invertebrates and their possible Considerable progress has been made on mapping the
presence in vertebrates (Herman et al., 1976). Since that pathways and components of the oculomotor system in
time, the notion that there are such things as command flies used for visual image stabilization (N. J. Strausfeld,
neurons has fallen out of favor. Neurons that were ini- University of Arizona). Work being carried on in the lab
tially considered to be command neurons were shown of the late Ed Arbas by Mark Willis (University of Arizona)
to be either not necessary or not sufficient for the pro- is examining the higher order question of how moths
duction of the behavior. The reason for this is that most integrate their movements with olfactory input in order
behaviors can be initiated through a number of different to locate odor sources.
pathways, and therefore no one neuron or setof neurons
is likely to issue the command to produce a behavior. Computational Approaches
However, in both invertebrates and vertebrates, there Many researchers are utilizing computational ap-
proaches to understand the complex dynamics of motorare some pathways that are organized with a restriction
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Figure 1. Three Categories of Computational Approaches
systems. An entire session at this meeting was devoted it reproduced the behavior of the biological system. In-
terestingly, by examining how the simulated circuit gen-to highlighting these different approaches. Eve Marder
provided a very useful framework for understanding the erated its motor pattern, it was found that some of the
ionic conductances played unexpectedly small roles.use of modeling by categorizing three types of models:
speculative, confirmatory, and interpretive (Figure 1). An alternative approach to collecting detailedvoltage-
clamp data for each conductance of every neuron in theIn a speculative model, a question leads to a model
of how a biological mechanism might be implemented. circuit is simply to simulate the behavior of the neuron
without simulating the underlying physiological basis forThis model points to new directions for experiments
and ultimately leads back to refinements of the model, that neuronal behavior. In this case, the roles of ionic
conductances in the production of the behavior cannotgetting closer to the actual mechanism used by the
biological system. Karen Sigvardt presented an excel- be assessed, but the roles of the individual neurons
and synapses can. This approach was used by Gettinglent example of this type of model in the use of coupled
oscillator theory to predict how motor patterns are gen- (1989b) in his simulation of the Tritonia swim CPG to
test whether the known components of the circuit wereerated in the lamprey spinal cord. The spinal cord was
modeled as a string of simple oscillators coupled to sufficient to produce the behavior. Getting simulated
the spiking behavior of all the cells and modeled theirtheir nearest neighbors. This elementary model made
predictions about how the biological system should be- synaptic interactions. When he assembled the simula-
tion, it reproduced the swim motor program with onlyhave under particular conditions, and thus suggested
physiological experiments that otherwise would not minor adjustments of parameters.However, a re-evalua-
tion of that simulation based on new physiological datahave been performed. These experiments included de-
termining the strength of ascending and descending indicates that not all of the components of the swim
circuit are known and that physiological processes suchcoupling between segmental oscillators by observing
how the motor pattern changed in response to specific as neuromodulation intrinsic to the circuit may play a
significant role in pattern generation (Frost). In this way,perturbations of the spinal cord. Sigvardt noted that
even if they had thought to do these experiments prior physiological experiments and confirmatory models in-
teract to refine progressively the understanding of theto constructing the model, they would have had no
framework with which to interpret their results. Coupled system.
Confirmatory models have also been constructed foroscillator theory has also been useful for interpreting
results from the crayfish swimmeret system (poster by other systems, such as the lamprey swim CPG (Lansner)
and the mammalian respiratory CPG (J. C. Smith). InF. K. Skinner and B. Mulloney).
In a confirmatory model, data are first collected and these cases, a hybrid approach has been used to simu-
late the behavior of the neurons. For those conduc-then a model is constructed to test whether those data
can account for the phenomenon being studied. More tances that have been studied experimentally, the
activation and inactivation parameters for Hodgkin±data collection improves the model, and the model may
point to areas where further data are still needed. Quite Huxley-like equations were obtained from experimental
data, whereas the parameters for other conductancesa few presenters used confirmatory models in their stud-
ies. These were most often in the form of simulated were adjusted to cause the cells to behave as their
real-life counterparts do. These models confirm that theneuronal circuits. The implementations of the various
simulated circuits differed in an interesting way. Many behavior of the circuit can be mimicked using the known
synaptic organization and membrane properties, but thecircuit simulations used neurons modeled with Hodgkin
and Huxley type equations for ionic conductances, while result may not represent a unique solution. The use-
fulness of such models has been demonstrated in theothers simulated the behavior of the neurons without
modeling their underlying ionic mechanisms. The former lamprey system by showing that the cellular effects of
serotonin are sufficient to explain the change in theapproach was best exemplified by the simulation of the
leech heartbeat circuit (Calabrese). Here, detailed volt- motor patternproduced by serotonin; the after-hyperpo-
larization of simulated neurons was decreased in a man-age-clamp measurements were made for each neuron
in the circuit. When thesimulated circuit was assembled, ner that mimics the effect of serotonin on those neurons,
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and, consequently, the motor output of the simulated circuits to multifunctional networks. Yet, it is clear that
network responded to this change in a way that resem- we still have a long way to go before we understand
bled the motor output of the biological system in the how very large ensembles of neurons produce behav-
presence of serotonin (Lansner). iors. The systems where we have made the most head-
Finally, the interpretive model is not so much a model way are those that have an orderly topography, such as
as a new computational tool for allowing new data to the superior colliculus (Sparks) or motor cortex (Georgo-
be collected or analyzed. In this category is work from poulos). However, even in these systems, although we
the labs of Abbott and Marder (Brandeis University) in understand how to interpret the combined activity of the
which a computer-generated algorithm was used to de- neuronal population, it is not clear how this population
code spike patterns produced by motor neurons into activity is translated into a motor command. Similarly,
the predicted muscle responses.A similar approach was the directional behavior produced in cockroach (Ritz-
used by another lab to estimate that a surprisingly small mann) and fish escape (Eaton) systems can be predicted
number of individual synaptic events produce the drive based on the activity of neurons, but the cellular mecha-
to neonatal rat spinal neurons during fictive locomotion nisms producing the turning responses in cockroaches
(poster by M. Raastad, O. Kiehn, and B. Johnson, Univer- and teleost fish are not completely understood. Un-
sity of Copenhagen). doubtedly, computational approaches, including new
Another computational tool that I believe falls into the mathematical formalisms and computer simulations,will
category of an interpretive model is actually a device, play a role in elucidating how very large ensembles of
the dynamic clamp. The dynamic clamp, or conductance neurons produce their coordinated output.
clamp, allows computer-generated Hodgkin±Huxley For now, the systems where motor pattern generation
models of ionic conductances to be inserted via micro- is best understood at the cellular level are those with
electrodes into real neurons (Marder). This new tool can small numbers of neurons (such as invertebrate circuits)
then be used in a confirmatory fashion, for example to or small numbers of cell types, such as lamprey and
examine the roles of ionic conductances in real neurons tadpole spinal circuits. These systems are thus valuable
(Marder; Harris-Warrick). The dynamic clamp can also for pointing to potential mechanisms used in larger sys-
be used in a speculative fashion. For example, neuronal tems. (Note that I avoid using the term ªsimpleº systems
half-center oscillators were created by using the dy- to describe invertebrates because it is quite clear that
namic clamp to insert artificial mutual inhibitory syn- these systems are anything butsimple.) However, ªinter-
apses between real neurons in primary cell culture that phyletic awareness,º as it was referred to at this confer-
previously did not synapse with each other (Marder). It ence, is not important just for what it can tell us about
was then found that the cycle period of these newly
how mammals work. It is also important to learn of alter-
created oscillators varied in an interesting and unex-
native ways in which organisms solve similar problems.
pected fashion, as a function of threshold for transmitter
This may prove to be particularly important for the future
release (a parameter that is not normally under experi-
of robotics. Already, robots have been designed based
mental control). The dynamic clampthus allows parame-
on insights gained from studying insect visual (Straus-
ters to be varied at will in biological systems, providing
feld) and motor (Ritzmann) systems. Robotics engineers
a unique interface between computational methods and
have also independently converged on some of theªwetº physiology where theories about ionic and synap-
same mechanisms used by biological systems (Mac-tic mechanisms can be tested directly.
Pherson).Mathematical tools for understanding dynamical sys-
There is clearly a need for better understanding oftems also hold the promise of providing insight into
higher control of pattern-generating circuits. This is notbiological function. A theoretical framework is neces-
limited to how motor patterns are initiated, but alsosary to make sense of the large number of varying
includes how they are altered on a moment to momentparameters in neuronal systems (such as membrane
basis to suit the needs of the animal. The next revolutionpotential, calcium concentration, synaptic strengths,
in the field is likely to come from a paradigm shift regard-time- and voltage-dependent synaptic conductances,
ing such control of motor circuits, similar to the shiftetc.). Dynamical systems theory and phase plane analy-
that has already occurred in our understanding of thesis can be used to describe such multiparameter neu-
pattern-generating circuits themselves. Such flexibilityronal systems (J. Guckenheimer, Cornell University; P.
of control is the basis for decision making in the nervousF. Rowat, University of San Diego). Creating a seamless
system and the very essence of what animals must dointerface between the mathematics and biology remains
throughout their daily lives. I look forward to the nexta substantial challenge; mathematicians often do not
conference in 2005 to see how far we've progressed inconvey the essential information provided by their ap-
these pursuits.proach in a way that is comprehensible to most biolo-
gists. Better communication on these issues will aid
progress in understanding the dynamics of motor be-
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